INTRODUCTION
Microarray techniques have been widely used to monitor large-scale gene expression simultaneously in multiple specimens. After a proper integration of gene expression data, we may not only be able to evaluate the differential expression of genes under various conditions, but also be able to identify coordinated gene expression profiles (1) (2) (3) . One critical technical issue that impinges on the integration of microarray data is that the measured intensity of a labeled probe [synthesized cDNA using messenger RNA (mRNA) in samples as template] reflects not only the biological variation, but also bias induced by factors such as the sequence, density, size, and shape of the corresponding target [synthesized oligonucleotide designed from the sequence of a known gene transcript or expressed sequence tag (EST)] loaded on the microarrays. Other factors, including probe labeling and hybridization, may also bias the measurement of the spot intensity. These interfering factors can be largely corrected by the two-channel method, which usually includes separately labeled sample and reference RNAs (3) (4) (5) (6) . Since the probes prepared from the sample and the reference are hybridized and measured in the same experiment, the ratio of sample signal to reference signal may diminish the biases and thus intensify the biological variation. A disadvantage of representing data by using sampleto-reference ratio is that the value of the ratio can be exaggerated when a denominator is too small. Therefore, spot representation or coverage, which indicates the number of mRNAs whose concentration is above a reasonable level in a sample, should be considered when choosing a reference mRNA for two-channel microarray experiments.
Tissues or cells have characteristic gene expression patterns, and only a subset of all genes may be expressed at a level that can be used as a reference for microarray experiments. Therefore, pooling RNA isolated from different tissues or cell lines together is a reasonable strategy to obtain a reference RNA with broader representation (7) (8) (9) (10) . A disadvantage of this strategy is that a reference RNA prepared in one laboratory is difficult to replicate in other laboratories or even by the same laboratory at different times because of restrictions introduced by materials and conditions. We introduce a simple procedure to prepare a large amount of highly representative, reproducible, and inexpensive reference RNA from whole neonatal mice.
MATERIALS AND METHODS

Sample Collection
One-day-old mice of two strains (129SvEv and C57BL/6; Charles River Lab, Wilmington, MA, USA) were collected. Animals were sacrificed by isoflurane inhalation, frozen in liquid nitrogen, and stored at -80°C.
RNA Isolation
Frozen mice were placed into 10 mL of TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA) per gram of tissue in 50-mL screw cap tubes and immediately homogenized with Polytron PT10 (Mbcoct, New Haven, CT, USA) at the highest speed at room temperature for 1 min. The homogenized sample was incubated at room temperature for 5 min and then centrifuged at 500× g at 4°C for 5 min. The upper fat layer was removed, and sample was transferred to 15-mL DNase-and RNasefree screw cap tubes. After adding 0.2 mL chloroform per 1 mL TRIzol, the tube was shaken vigorously for 30 s and incubated at room temperature for 5 min. The mixture was centrifuged at 4°C at 10,000× g for 18 min, the aqueous phase was transferred to a new 15-mL tube, and RNA was precipitated by adding 0.5 mL isopropyl alcohol per 1 mL TRIzol. The mixture was incubated at room temperature for 10 min and then centrifuged at 10,000× g at 4°C for 10 min. The supernatant was removed, and the RNA pellet was washed with 75% ethanol. The pellet was air-dried for 10-20 min at room temperature and then resuspended in 1 mL DNase-and RNase-free water and stored at -80°C. The quantity of total RNA was determined by measuring A 260 , and the quality of the total RNA was determined with the RNA Nano LabChip ® and Agilent 2100 Bioanalyzer (Agilent Technologies, Wilmington, DE, USA). ized to 22K Mouse Development Oligo Microarrays (Agilent Technologies). Microarrays were scanned using the GenePix 4000B scanner (Axon Instruments, Union City, CA, USA) with photomultiplier tube (PMT) setting at 540. Images were quantified with GenePix Pro 4.1 software (Axon Instruments).
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RESULTS AND DISCUSSION
Quality and Quantity of Total RNA Harvested from Neonatal Mice
The quality of total RNA isolated from individual mice was determined using the RNA Nano LabChip. The electropherogram of pooled total RNA is shown in Figure 1A . RNAs originated from four groups of mice with equal numbers (n = 5) of male 129SvEv mice, female 129SvEv mice, male C57BL/6 mice, and female C57BL/6 mice. In each group, mice were collected from two to four litters. The number of mice originated from the same litter was one to three. The mice in the same litter were housed in the same cage, and the mice in different litters were housed in different cages and had different dams. Two batches of pooled RNAs were prepared separately by using the same approach at different times. The total RNA yield was proportional to the body weight ( Figure 1B) . The average body weight ± sd of mice was 1.43 ± 0.18 g, and the average total RNA ± sd yield from each mouse was 4.98 ± 0.66 mg. An equal amount of total RNA harvested from each mouse was added together, so that each mouse had the same contribution to the pooled reference RNA. We harvested 78 and 80 mg of pooled total RNA from two batches of mice, which are sufficient for 3950 microarray experiments using 40 μg total RNA per experiment. 
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Comparison of the Gene Representation Between Whole Mouse Reference RNA and UMRR-BD or UMRR-S
A mixture of Cy3-labeled whole mouse reference RNA (WMRR) and Cy5-labeled UMRR-BD or UMRR-S was hybridized to a set of microarrays. Conversely, a mixture of Cy5-labeled WMRR and Cy3-labeled UMRR-BD or UMRR-S was hybridized to another set of microarrays. All microarrays were scanned with a fixed PMT under which spots were not saturated. The minimal spot intensity was set at 1, and the ratio of mean intensity of two channels was normalized to 1. The average intensity of each spot for a particular reference RNA was calculated from both Cy3 and Cy5 channels in a pair of corresponding microarrays. The distributions of low spots for WMRR versus UMRR-BD and for WMRR versus UMRR-S are shown in Figure 2 , A and B. The number of spots for which the average intensity was lower than 100 was 93 fewer in WMRR compared to UMRR-BD in a pair of dye-swap microarrays and was 131 fewer in WMRR compared to UMRR-S in another pair of dye swap microarrays. However, these differences were not statistically significant by χ 2 test.
Reproducibility of WMRR
The evaluation of the reproducibility of WMRR in different batches was achieved by measuring the biological contribution to variability in our microarray experiments. In this group of experiments, data were normalized using LOWESS with software MIDAS2.17 (11) . Two batches of WMRR (WMRR-a and WMRR-b) were used to prepare cDNA probes labeled with Cy3 and Cy5 separately. Three mixtures of different combinations of probes were hybridized to three microarrays. The combinations were: (i) Cy3-labeled probes from WMRR-a versus Cy5-labeled probes from WMRR-a; (ii) Cy3-labeled probes from WMRR-b versus Cy5-labeled probes from WMRR-b; and (iii) Cy3-labeled probes from WMRR-b versus Cy5-labeled probes from WMRR-a. The results are shown in Figure  3 , A-C. The first and second combinations reveal the variation from nonbiological sources. The variation is inversely related to the tightness of the linear relationship between two channels. The third combination reveals the variation from both biological and nonbiological sources. A high similarity of data distributions and correlation coefficients between the third combination and the two other combinations indicates that the difference between two batches of WMRR is negligible. The reference RNAs from difference sources were also compared. Two mixtures of Cy3-labeled probes from WMRR-a versus Cy5-labeled probes from UMRR-BD and Cy3-labeled probes from WMRR-a versus Cy5-labeled probes from UMRR-S were hybridized to two microarrays, respectively (Figure 3 , C and D). In contrast to the comparison between WMRR-a and WMRR-b, there are greater differences between WMRR and UMRR-BD or UMRR-S.
The ideal reference RNA should be highly representative, evenly distributed, highly reproducible, inexpensive, and easy to prepare. No method has yet been found to make such an ideal reference RNA. Synthesized oligonucleotides can be evenly mixed and in theory should be able to cover all genes represented on a microarray (12) . Similarly, a common reference consisting of a mixture of the cDNA PCR products that are spotted on particular microarrays has high coverage for the same microarrays (13) . However, the specific design of oligonucleotides or cDNAs narrows the range of microarray platforms to which they can be applied. Although endogenous mRNAs isolated from a particular tissue or cell line will have narrow coverage and uneven distribution, pooling mRNAs isolated from multiple tissues and/or cell lines helps to reduce these disadvantages by a certain amount. Using pooled RNA as a reference, it is not only possible to compensate for variances that result from the uneven loading of targets on microarrays, but it is also possible to compensate for variances that result from other sources such as amplification, labeling, and hybridization.
The idea of "reference" RNA was initiated in pioneering microarray experiments that used one RNA sample in a series of seven samples in a yeast metabolic study so that every experiment was compared to a common RNA sample (14) . This idea has been widely used and modified, and many models of reference design have been introduced (15) (16) (17) . For example, each sample is tested against other samples in sequence, in loop, or in a mixed sequential/loop format. This use of relative references and complex design of experiments can increase the efficiency and decrease the variation in a well-planned study. However, the data from multiple studies are difficult to integrate without a common reference. Another commonly encountered problem is that a reference RNA prepared in one laboratory may be difficult, if not impossible, to replicate in other laboratories (13). Thus, dissimilar reference RNAs are used in different laboratories for related experiments, which creates difficulty for data integration and for maximizing the value of the microarray data in research communities. Now, several commercial universal reference RNAs have become available. The large-scale production of reference RNA offers a solution for the requirement of unique reference RNA. UMRR-BD and UMRR-S are two samples that use pooling strategies to achieve their high representations and can be used as "universal" references. However, these universal reference RNAs are extremely expensive for routine use, and their complex compositions by pooling the RNAs harvested from multiple cell lines or tissues prevent the preparation of similar reference RNAs by individual laboratories. A less expensive method for obtaining milligrams of reference RNA from micrograms of pooled total RNA by using a double amplification method has been reported previously (18) . An advantage of this method is that the amplified RNA products can be further labeled like native RNA. However, this procedure uses a complicated mixture of initial RNAs derived from different cell lines, tissues, and organisms and double amplifications, which increases the fragility of the reproducibility of the reference RNA. The limitations of these approaches for referencing microarray experiments led us to search for alternative approaches.
We have found an effective method to make a common mouse reference RNA from whole neonatal mice that avoids the need for amplification or other bias-introducing procedures. The coverage of this reference RNA is as wide as two UMRRs produced by Stratagene and BD Biosciences. It is not surprising that the RNAs isolated from a whole animal are highly representative, because a body of a whole animal contains different types of cells and tissues. Since the combination of varied cells and tissues as well as their gene expressions in a body is dictated by nature, it is easy to reproduce the RNAs from the same type of age-and sex-matched ani- The consistency of two separately prepared probes labeled with Cy3 and Cy5 from two aliquots of a WMRR (batch a or batch b). (C-E) The similarity between probes prepared from WMRR (batch a) and probes prepared from WMRR (batch b), UMRR-BD, and UMRR-S, respectively. WMRR, the RNAs isolated from whole neonatal mice; UMRR-BD, the universal mouse reference RNA from BD Biosciences; UMRR-S, the universal mouse reference RNA from Stratagene.
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mals. To reduce the individual variances and increase the yield of RNA, we pooled the RNAs isolated from 20 animals and used them as reference RNA. Two strains of widely used mice with both sexes were included to maximize gene representation. Since the yield of RNA from mice was proportional to their body weights, and the body weights are variable, the addition of equal amounts of RNA isolated from individual mice to the pool may facilitate the reproducibility of WMRR. It is also probably judicious to use mice of similar body weight. In our experiment, weights in the range of 1.07-1.79 g are within 2 sds of the mean weight.
It is well known that gene expression profiles are different at different developmental stages. To prepare an overall gene representative reference RNA, pooling tissues of animals at different developmental stages is one choice as used in UMRR-S. A feature of the neonatal mouse is that it is at a turning point of its life between an embryo and a mature animal, and its gene expression profiles at this stage may have a wider overlap with both embryonic and adult mice. We have successfully used the whole mouse reference RNA to study gene expression profiles in mouse embryonic stem cells, various mouse cell lines, and adult mouse organs in microarray experiments (data not shown). Compared to the double amplification method reported previously (18) , a large amount of WMRR (about 4 mg/ mouse) can be made quickly (within 1 day) at a low cost, because the material of neonatal mice and batch size is unrestrictive, and only a simple RNA isolation process is needed without further amplifications. On the other hand, when the material source for RNA is limited, the value of the double amplification method is obvious.
In summary, the preparation of a large amount of mouse reference RNA from whole neonatal mice is simple, quick, reliable, and inexpensive. The mouse reference RNA is highly representative compared to two commercial universal mouse reference RNAs. The native combination of cells and tissues as well as their gene expression in a body favors the replication of this reference RNA.
